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Recently, wettability has attracted much interest from researchers. It has significant 
relevance to many research field areas. For example, hydrophobicity is an important parameter in 
microfluidic applications. The lotus leaf has perfectly implemented the self-cleaning effect of a 
microstructured, hydrophobic surface. It is the model for synthetic surfaces with similar self-
cleaning characteristics. 
Firstly, highly hydrophobic bare silver surface was fabricated. It was investigated that the 
roughness of the surface could be controlled through the electrodeposition kinetics. Silver 
surface with different roughness has been prepared through electrodeposition of silver zinc alloy 
and selectively zinc electrostripping. Three complex ions were used in electrodeposition of the 
alloy, including SCN-, I- and EDTA. After chemically identified by XRD, all three samples were 
confirmed to contain pure silver on the surface without trace of zinc. Correspondingly, different 
morphologies on prepared sample surfaces were obtained for samples involved with three 
different complex ions according to SEM images. In addition, the contact angle measurement 
showed that all three samples are remarkably hydrophobic. It was indicated that prepared pure 
silver surface with remarkable roughness exhibit highly hydrophobic properties.  
Secondly, by changing experiment condition, hydrophilic silver surface was also prepared 
through electrodeposition of silver zinc alloy and selective zinc electrostripping. However, after 
Self-assembled monolayer (SAM) modified the sample surface, the wettability transferred from 
hydrophilicity into hydrophobicity. The morphology for samples involved with electrodeposition 
using SCN- is different from those using I- in electrodeposition. Also, their morphologies are 
different from those with hydrophobic property.   
 XI
      Seemingly, study was carried out to achieve hydrophobicity on the gold substrate by self-
assembled monolayer modification. Two kinds of molecules were explored for this purpose. One 
is bromooctodecane and the other is octadecyltrichlorosilane (OTS).  Self-assembled monolayer 
formed by bromooctodecane was characterized using CV and TOF-SIMS. Besides, it was proved 
by XPS that ultraviolet exposure improved the attachment of bromooctodecane on the gold 
surface. Although undesirable contact angle for SAM prepared from bromooctodecane 
molecules was obtained, this set a new direction for future study. In contrast, the SAM formed 
by octadecyltrichlorosilane (OTS) molecules exhibit remarkable hydrophobicity. It was 
generalized that the hydrophobicity changes with the immersition time in OTS solution, 
concentration of OTS solution and preservation time. Because multifunctional groups at the 
molecular head help molecules polymerize laterally, higher quality monolayer formed than thiols 
















1.1. Wettability of Solid Surface 
In the morning, we can see water drops on leaves and windows. Each water drop has 
a distinct shape, due to the different surface properties possessed by leaves and windows. 
These properties are determined by the energy of surfaces1. While the surface energy is 
one way to characterize a solid surface, surface tension is another way of describing 
liquid on a solid surface 2. The molecules of liquid interact uniquely on different solid 
surfaces. These different interactions of liquid on each solid surface can be characterized 
by wetting 1. Wettability is defined by different wetting phenomena, and it can be 
determined by a liquid drop shape 1. It can be seen that water drops retain shape as the 
drops drift along the surfaces of the leaves, yet water drops tend to spread along the 
surfaces of window glass. This can be explained by the low wettability of the leaves and 
the high wettability of the window glass. Every liquid drop forms a different shape on 
various solid surfaces. The angle of the interface between a liquid drop and a solid 
surface is called contact angle. The contact angle can be used to determine wettability 3.  
 
1.2. Concept of Contact Angle 
The shape of a water drop on a solid surface depends on the surface property of the 
solid. Wettability is a unique aspect of liquid reactions on different solid surfaces 2. 
Surface energy determines the wettability of a solid surface 1, and the contact angle of 
liquid varies with different solid surfaces. The contact angle measurement is one of the 
 1
methods used to estimate surface energy. 
In 1805, Thomas Young discovered that the contact angle describes the interfacial 
effects among solids, liquids, and vapors at the edge of a liquid drop, far from the core 









Figure 1.1.  Schematic diagram of contact angle at the edge of a liquid drop 
Each interface has a certain free energy per unit area and is expressed by γSL, γSV and 
γLV. These stand for free energies between a solid and a liquid, a solid and a vapor, and a 
liquid and a vapor. The Young’s equation that describes the relationship of free energies 






Wetting means that the contact angle θ between a liquid and solid is less than 90°, 
while dewetting means that the contact angle is greater than 90°. A low contact angle 
means high wettability, and a high contact angle means low wettability 1. When the 
contact angle is equal to zero, it is called complete wetting3. There are two kinds of 
contact angle, i.e. the static contact angle and the dynamic contact angle. Usually a static 
 2
contact angle is used for measuring wettability of surfaces, and a dynamic contact angle 
is used to measure the contact line in motion. A dynamic contact angle can be further 
classified into an advancing contact angle and a receding contact angle, depending on 
whether the solid and liquid interface area is increasing or decreasing, respectively 3. 
 
1.3. Hydrophilic and Hydrophobic Surfaces 
Hydrophobic surface refers to the physical property of a solid surface that is repelled 
from a mass of water. Water drop forms bead on the surface and has a contact angle 
greater than 90 degree, as in Figure 1.2 (b). On the contrary, on the hydrophilic surface, 








Figure 1.2.  (a).Water drops on hydrophilic surface; (b).Hydrophobic surface  
Most metals exhibit hydrophilic property, because their surfaces have high energy (500 to 
5000erg/cm2) which consists of covalent bonding. On the other hand, most polymers have 
hydrophobic property, due to low surface energy (50erg/cm2) which consists of van der 
Waals bonding 3. For example, in the case of a water drop on the glass, the contact angle 
is 12.28°, as shown in Figure 1.2 (a). Chemically, since the surface of glass has covalent 
 3
bonding, due to high surface energy, it can be estimated that the glass has low contact 
angle. The contact angle of a water drop on the perfluoro polymer is 106.40° as shown in 
Figure 1.2 (b). The fluro polymer consists of the -CF3 group, which has van der Waals 
bonding; therefore, it can be considered to have low surface energy. Water will spread on 
high energy surfaces, while the water will form a sphere on low energy surfaces.  
Recently, wettability has attracted much interest from researchers. It has significant 
relevance to many research field areas. For example, hydrophobicity is an important 
parameter in microfluidic applications. To explore the benefit of the surface wettability, 
extensive research was carried out to modify the surface and control the surface 
wettability.  
 
1.4.  Mechanism of the superhydrophobic surface 
1.4.1.  Superhydrophobic surface 
Self cleaning effect of the lotus comes from the superhydrophobic property. With 
hydrophobic coating, the surface structures on the order of nanometers to tens of microns 
achieve superhydrophobic behavior 5. Water drops form perfect bead on the surface and 
easily flow away from the surface. On the lotus leaves, hierarchical roughness of the leaf 
surface from micrometer sized papillae having nanometer-sized branch like protrusions 
and the intrinsic material hydrophobicity of a surface layer of epicuticular wax covering 












           (a)                                  (b) 
Figure 1.3. (a). Water bead on the lotus leaf; (b). Hierarchical structures on the lotus 
leaf 
 
1.4.2. Water beads formation on superhydrophobic surface 
A very rough, heterogeneous surface allows air to be trapped more easily underneath 
the water drop so the drop essentially rests on a layer of air. In the case of a rough surface, 
a significantly higher surface area compared to the projected area requires a greater 
energy barrier to create a liquid-solid interface. Together with rough surface, when the 
surface energy of the surface material is naturally low, the united effect is that the surface 
will prevent any water from coming into contact with it7, 8. And thus, the water bead 
forms to minimize the surface contact by a small quantity of affinity with 
superhydrophobic surface. Likewise, dusts and aerosols do not slip into the microscopic 
valleys and remain free on the surface of the solid substrate, resting on its hilltops, and 
thus the surface area shared by them and the substrate is minimal. As a result, the water 
 5
drop easily rolls down from the tiled surface. If a drop of water rolls over the dirt particle, 








                   (a)                          (b)       
Figure 1.4. (a). Smooth surface; (b). Rough surface 
The lotus leaf has perfectly implemented the self-cleaning effect of a microstructured, 
hydrophobic surface. It is the model for synthetic surfaces with similar self-cleaning 
characteristics. 
 
1.5. Fabrication of the superhydrophobic surface 
During the last decade, much research had been done to design artificial solid 
surfaces with distinctive water-repellent properties. Synthetic superhydrophobic surfaces 
have been fabricated through various approaches. These approaches include lowering 
surface energy by coating with low-surface-energy molecules11-22, roughening the surface 
of hydrophobic materials23-25, and generating well ordered microstructured surfaces with 
a small ratio of the liquid-solid contact area9,10,26,27.  Most of the methods disclosed to 
date, however, are either expensive, substrate limited, require the use of harsh chemical 
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treatments, or cannot be easily scaled-up to create large-area uniform coatings28.  
1.5.1. Fabrication of rough surface 
 Many approaches for preparing superhydrophobic surfaces involve roughening a 
surface.21,23 Until now, a large number of techniques, such as etching (chemical etching29 
and plasma etching30), post treating,31 chemical vapor deposition (CVD),32 densely 
packed aligned carbon or polymer nanotubes33, sol–gel processing34, TiO2 coating by UV 
irradiation, and others,35 have been applied to tailor surface topography, as shown in 
Figure 1.5. However, in many cases the reported methods involve high cost materials, 
complicated process, such as carbon nanotubes. Therefore, the applications of 








           
(a) (b) 
Figure 1.5. (a) Silicon microbumps; (b) Carbon nanotube arrays 
However, electrodeposition, as a facile method to grow crystals on substrates, has 
been rarely used for producing the roughness for superhydrophobic surface. 
1.5.2. Fabrication of the hydrophobic surface 
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For the superhydrophobic surface, the wetability of the surface is as crucial as the 
roughness on the surface. The surface wettability can be successfully tailored by 
terminally attaching various organic modifiers 37. In particular, deposition of 
self-assembled monolayers (SAMs) offers one of the highest quality routes used to 
prepare chemically and structurally well-defined surfaces with hydrophobicity 38, 39. The 
wetting properties of SAMs and their stability are governed by the intimate interplay 
between the chemical nature of the terminus of the monolayer molecule and the packing 
within the SAM. The latter in turn influences the arrangement of the functionalized 
surface groups. The packing density of the SAMs determines their surface energies. 
Polymers, with long chain and alkyl terminal group, are often used for producing 
hydrophobic surface, such as alkyl silane, thiols, polyacrylonitrile nanofibers. In addition, 
fluoropolymers are favored molecules to produce superhydrophobic surfaces39.  
For example, organosilane is one of the molecules which are used to impart 
hydrophobicity to normally hydrophilic objects (which is central to the majority of recent 
studies of superhydrophobicity). Pure reactive organosilanes are now available, and their 
vapor phase and solution phase reactions with hydrated silica surfaces under controlled 












Figure 1.6.  Schematic explanation of methyl trichlorosilane self assemble on Si 
surface 
 
    Under different conditions, organosilanes can (1) react by self-assembly to form 
monolayers (horizontal polymerization), (2) react with surface silanols to form covalently 
attached monolayers, or (3) condense with water as well as surface silanols to form 
covalently attached, cross-linked polymeric layers (vertical polymerization).40 Figure 1.6 
shows the schematic explanation of self-assembly on Si surface. The reaction conditions, 
alkyl group structure, and water content determine which of these processes dominates41.  
In the case of organosilanes on metal surfaces, the second step would nearly never 
happen because the oxide rarely exists on surfaces. The self assembled monolayer of 
silanes would form mainly depending on the horizontal polymerization. To date, various 
inorganic materials, such as ZnO, SiO2, gold, silver, have been used to prepare 
superhydrophobic surfaces by coating silane,. 
 
1.6. Fabricaiton of superhydrophobic surface using electrodeposition 
The art and science of electrodepositing metal and metallic alloys have been 
developed for more than a century. Electrochemical deposition has been used in many 
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industries, including printed circuit boards, magnetic alloys for computer memories, and 
coatings for hard disk drives. While electrodeposition continues to be widely used, 
challenging new applications have been found in the electronics industry. 
Electrodeposition offers significant cost reduction, reliability and environmental 
advantages over the previously used evaporation technology and can accommodate the 
whole range of vastly different length scales of substrates. 
Fabrication of material with three-dimensional geometries is a great strength of 
electrodeposition compared to other methods, and has led to its widespread application in 
nanotechnology. Electrodeposition is also a low energy-consuming process and therefore 
uniquely suited to dealing with modification of matter of various types. It can be 
combined with self-assembled templates to prepare nanomaterials with desirable 
properties.  
1.6.1. Fundmental Principles of electrodeposition 
Electrochemical deposition involves reduction of metallic ions from aqueous, 
inorganic, and fused salt electrolytes. The reduction process Mz+(solution) + ze ＝
M(lattice) can be accomplished by the electrodeposition process in which z electrons are 










Figure 1.7. Experimental set up for the electrodepostion 
A simplified cell used in the electrodepositon is shown in Figure1.7, consisting of: 
(1). the working electrode or surface to be coated; (2). A counter electrode or platinum 
mesh; (3). A reference electrode; (4). an electrolyte solution. As electrodeposition is 
implemented, a negative DC charge is sent through the working electrode (the metal 
foam) and a positive charge is induced on the counter electrode (platinum mesh). Both 
electrodes are submerged in a Simplified Electrodeposition Cell.  
There are two types of fundamental problems involved with the electrodeposition 
process: (i) kinetics and mechanism of the process, and (ii) nucleation and growth of the 
lattice (M(lattice)). The fundamental aspects of the kinetics and mechanism mainly 
include basic kinetic steps: charge transfer or ion discharge to form a neutral adatom or 
partly charged adion at the substrate surface and surface diffusion of adatom and adion. 
Interfacial electrochemistry (charge distribution across interface and the structure of the 
double layer) and various aspects of materials science are of great importance. In the case 
 11
of structure and properties of deposits, much attention has been paid to grain size, texture 
(preferred orientation), and correlation between structural physical and chemical 
properties of deposits. 
1.6.2. Growth of the electrodeposition film 
The growth of an electrodeposit from an electrolyte involves a phase transformation 
from ionic species in the solution to a solid phase on the electrode; the overall process is 
shown in Figure1.8. This phase transformation is the combined effect of ionic transport, 
discharge, nucleation and growth. The entire pathway for the growth of an electrodeposit 











Figure 1.8. Nucleation and growth of film on the substrate 
 
1. Transport of ions in the electrolyte bulk toward the interface  
2. Discharge of ions reaching the electrode surface, giving rise to adatoms 
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3. Nucleation and growth assisted by surface diffusion or formation of cluster. 
4. Formation of monolayer and final growth of eletrodeposit 
  The overall growth of the electrodeposit is strongly influenced by the crystallographic 
character of the substrate.  
 
1.6.3. Kinetics of electrodeposition 
Electrodeposition exhibits a wide variation in morphologies depending on the 
operating conditions. There are several types of growth forms during the growth of 
deposit, such as platelet growth, ridge, pyramid and dendrites. For example, the 
formation of dendrites is attributed to the diffusion field of depositing ions that is suitable 
for the development of extension in the direction of increasing concentration. For 
dendrites’ growth, a critical potential must be exceeded to trigger dendrites’ growth; the 
growth undergoes a certain induction period before it becomes visible. Besides, the 
critical current density for dendrites’ formation is related to the concentration of the 
depositing ions. In this thesis, the dendrites’ silver electrodeposition film was prepared 
and would be further discussed in the following chapter. 
A comprehensive description of the mechanism of electrodeposition is complicated 
by the large number of variables that affect the process, including surface and local 
morphology, solution-surface interactions, solution chemistry, and transport mechanisms. 
This work represents the first attempt to obtain insight into silver electrodeposition that 
can be directly used as superhydrophobic surface compared to other electrodeposited 
surfaces with hydrophilic property. Scaling analysis of silver electrodeposited onto 
vapor-deposited silver substrates was done to gain a better understanding of the 
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differences in plating, in the presence of strong silver ion complexing agents.  
1.7. Introduction to characterization methods 
1.7.1.  X-ray diffraction (XRD)   
X-Rays are usually obtained by bombarding a metal target with a beam of 
high-energy electrons inside a vacuum tube. Choice of the metal target and the applied 
voltage determines the output wavelength. X-Rays of a given wavelength are diffracted 
only for certain orientations of the sample. If the structures are arranged in an ordered 
array or lattice, the interference effects with structures are sharpened. The information 
obtained from scattering at wide angles describes the spatial arrangements of the atoms, 
while low angle X-Ray scattering is useful in detecting larger periodicities. Due to its 
easiness and availability, this technique is commonly used to study the nanocomposite 
structures. A schematic representation of the theory can be seen in Figure 1.9, where 
X-Ray beams of wavelength, λ, are incident on the planes of the layers at an angle, θ. 
These rays are scattered by atoms while their constructive interferences occur at the same 
angle, θ, to other planes. A whole number, n, of wavelengths are equal to the distance 
between SO+OT. Angles of SO and OT are also equal to the angles of diffraction. This 
method is characterized by Bragg’s Law as follows, 21 














Figure 1.9. Diffraction of X-Rays by planes of atoms (A-A’ and B-B’) 
    X-ray diffraction (XRD) is a versatile, non-destructive technique that provides 
detailed information about the chemical composition and crystallographic structure of 
samples. In this thesis all XRD experiment were carried out using the Siemens D5005, 










Figure 1.10. Siemens D5005 X Ray Diffractor 
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Figure 1.11. Schematic of SEM 
Figure 1.11 shows a schematic for a typical SEM. Electrons from a filament in an 
electron gun are beamed at the specimen in a vacuum chamber. The beam forms a line 
that continuously sweeps across the specimen at high speed. This beam irradiates the 
specimen which in turn produces a signal in the form of either x-ray fluorescence, 
secondary or backscattered electrons. Resolution of smaller objects can be provided from 
electron microscopy, allowing direct observation of microstructure and nanostructures on 
the substrate. In this thesis, SEM characterization was carried out using JEOL 5200. It is. 
carried out at room temperature and with source of accelerated voltages (about 25000V) 
in order to prevent damage to formed crystal structures.  
The use of XRD and SEM studies provided much information about the sample 
morphological properties and structure studies.  
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1.7.3. Contact angle measurement  
All the contact angle measurement in the experiments was carried out using the 








           Figure 1.12.  Goniometer used in this experiment 
 
The manual contact angle goniometer mainly consists of an eyepiece with 
microscope, a tunable sample stage, a microsyringe fixture for manual dispensing and a 
proprietary LED backlighting system. All these components of the goniometer can be 
manually adjusted so that the water contact angle on the sample surface can be measured 
correctly. For example, the microsyringe can be manually adjusted to change the water 
drop size so that the water drop is suitable for surfaces with different wettability. Besides, 
the intensity of the light can be changed to make the water drop clearly visible to the 
observer. Furthermore, the sample stage can be tuned in different directions so that the 
sample in the proper position under the dispenser. In this thesis, contact angle was noted 
by number or by taking pictures through the microscope. 
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1.8. Objective of the thesis 
      In this thesis, the fabrication of hydrophobic surface and superhydrophobic 
surface on bare and modified silver surface were studied. The bare silver surface was 
prepared through electrodeposition and selective electrostripping (chapter 2). To further 
confirm the method to prepare hydrophobic bare silver is effective, different complex 
ions were adopted in the preparation. This thesis also shows that the hierarchic 
microstructrures on the surface determine the wettability. The changes in the 
microstructures which resulted from the preparation condition lead to the reversion from 
hydrophobicity to hydrophilicity. Furthermore, this thesis shows that the surface 
modification through self-assembled monolayer is also useful for fabrication of 
hydrophobic surface. Besides thiols, other new possible molecules were explored for the 
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CHAPTER 2  
Preparation of highly hydrophobic surface through 
electrodeposition 
 
2.1. Introduction  
2.1.1. Overview of the fabrication of porous surface through alloy electrodeposition 
In this chapter, the main purpose is to investigate the roughness of the surface that 
could be controlled through the electrodeposition kinetics. For the experiment, the 
conductive electrolyte solution employed consists of silver nitrate. The dissociated silver 
ions, which are positively charged, are attracted to the surface of the working electrode. 
The growth of deposits on the surface does not usually happen in uniform sheets; instead 
metal ions become attached to the cathode at certain favored sites. Subsequently, the 
attached metal ions lose some of the water or other ligands, which were previously 
attached to them, in order to form bonds with the cathode surface accompanied with 
partial neutralization of their charge1. This kind of diffusion and electrochemical reaction 
driven by electric potential can lead to desired products not possible by other means2. 
This process may be controlled by choice of electrode, electrolyte, temperature, pH, 
concentration and composition of electrolyte, cell type and mode of electrolysis. For 
example, the kinetic control of the reaction is dictated by the current induced on the 
surface, while the voltage potential has the ability to control the thermodynamic phase of 
the product. Herein, the work reported is focused on varying composition of the metals 
dissolved in the electrolyte.  
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2.1.2. Silver electrodepostion and silver zinc alloy electrodepostion 
Silver electrodeposition has been extensively studied, such as underpotential silver 
deposition, and roughness control of silver electrodeposition from silver nitrate. 
Electrodeposited micro- and nanostructures of silver have been exploited for a wide range 
of applications, such as catalysis, fuel cell, and sensing, which take advantage of their 
high surface-to-volume ratio.3-6 However, preparation of silver layer through dealloying 
the mixture of silver with other metals is seldom reported. Through this method, a 
structured metal A can be formed by the process named as dealloying. In the process of 
dealloying, the less noble component B in a binary AxBB1-x alloy is selectively eliminated 
from the alloy, leaving behind a continuous porous A. Numerous examples of dealloying 
have been reported including Au-Cu, Au-Ag, Cu-Zn, Cu-Al, Cu-Ni, and Pt-Cu.  
Generally, in these examples, the A
7-12
xB1-xB  alloys are prepared by thermal casting, 
evaporation, or sputter deposition and followed by chemical etching in corrosive acid (or 
alkaline) solutions to produce the porous metal films. Electrochemical deposition of 
AxBB1-x offers various advantages including low operating temperature, the ability to work 
with irregularly shaped surfaces, and allowing easy adjustment of the alloy composition, 
which controls the pore structure. However, fabrication of porous metal films by 
electrochemical formation of the AxB1-xB  alloys followed by electrochemical dissolution of 
the component B has been less explored.13-16
In this Chapter, the electrodeposition of silver-zinc alloy was investigated. The 
porous silver structure was prepared through dealloying the zinc out of the alloy film, and 





The electrodeposition was carried out using a typical electrodeposition set-up 
consisting of a potential source with a silver coated ITO glass as cathode (substrate) and a 
platinum plate as anode. Figure 2.1 shows the experimental set-up used in this 
experiment. The electrolyte solution consists of 0.1 M AgNO3 electrolyte in all cases. 
The samples are labelled as: (i) A, electrodepositon with EDTA as complex ions; (ii) B, 
electrodeposition with I- as complex ions; (iii) C, electrodeposition with SCN- as complex 
ions; The electrolyte solution was made up with nanopure water for all samples. After the 
electrodeposition, all three samples were put into 5M NaOH solution to strip the Zinc 












Figure 2.1.  Experimental set up used in the experiment 
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2.2.2. Preparation of sample with EDTA as complex ion 
The electrolyte solution consisted of 0.1 M AgNO3, 0.05M ZnCl2 and 0.2M EDTA. 
The electrolyte solution was made with nanopure water for all samples. The total 
electrolyte volume was 20 ml and the electrodeposition was carried out at -1V for 12hrs. 
The electrodeposition current is stable at 0.25mA. Low current density was chosen in 
order to prevent depletion of silver ions at the cathode interface during electrodeposition. 
After electrodeposition, the surfaces were carefully and thoroughly washed and dried. 
Subsequently, the electrodeposited layer on the substrate was stripped in the 5M NaOH 
solution. The voltage is stable at -0.5V. The sample was eventually taken out of the 
stripping solution and washed with copious amount of water. After the sample was dried 
overnight, it was characterized using SEM and XRD.  
 
2.2.3. Preparation of samples with I- ion as complex ion 
0.1M KI water solution and 0.1M ZnSO4 solution were prepared. The electroplating 
bath was a 200ml mixture with 0.001M AgNO3, 0.1M KI and 01M ZnSO4. During the 
electroplating, argon was introduced into the solution to stir the solution and eliminate 
oxygen so that the ions distribute themselves evenly in the solution. When the electric 
charge Q reached 10C and 20C respectively, 2 ml 0.1M AgNO3 water solution was added 
to the electroplating bath. The electroplating current was maintained at 42mA/cm2.When 
the electric charge Q reached 40C, the electroplating was ended. The electroplated 
substrate was rinsed with water for 3 times. The electroplated layer on the sample was 
electrostripped in 5M NaOH. The voltage is stable at -0.5V until the electric charge Q 
reach 14C. Finally, the sample was rinsed and characterized using SEM and XRD. 
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2.2.4. Preparation of the sample with SCN- as complex ion 
0.1M AgNO3 solution 2ml was transferred into a beaker. 0.2M KSCN solution was 
added into the beaker drop by drop until the white precipitation of AgSCN formed in the 
beginning disappeared. After that, the prepared bath solution for electrodepostion became 
as clear as pure AgNO3 solution. 2ml 0.1M ZnSO4 was added into the solution to finish 
the electroplating bath preparation. The electroplating of Ag and Zn was carried out with 
voltage set at -0.95V and current sat about 0.6mA/cm2.  The electrodepositon continued 
for about 5.5hrs. The sample was characterized by SEM. 
 
2.2.5. Charaterization of all the samples 
 All the samples mentioned above were characterized using SEM and XRD. The 
SEM characterization was carried out using JEOL 5200 SEM, while the samples were 
chemically charactrerized by XRD. The contact angle of all samples were measured 












2.3.1. Sample A (electrodepositon with EDTA as complex ions) 
     All results for samples prepared with EDTA as complex ions in the 
electrodeposition solution, including SEM images, XRD graphs and contact angle 
measurement, are shown in the following parts. 
2.3.1.1. SEM image for the sample A (electrodepositon with EDTA as complex 















             a                                           b 
c                                      d 
Figure 2.2. a and b: upper part of the sample A with magnification of 1000 and 2000; 
c and d: lower part of sample A with magnification of 1000 and 3500 
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From the SEM images shown above, it can be inferred that EDTA has exerted an 
effect on the morphology of silver films, since they were adherent, uniform with fine 
granularity and coated the substrate completely. It is not the same as those small 
crystallites and large clusters on the substrate that prepared in the absence of EDTA. 
Besides, in the upper part of the sample, the silver zinc alloy layer has the piled balls 
which are of size about 10µm. It appears that piles of balls shape into branch-like 
structures. On the other hand, in the image of lower part of the sample, piled balls 
changed into balls with thorn tips extending from the internal core into the air after the 
layer was electrostripped in NaOH solution. The electrostripping process started with 
selective dissolution of the zinc atoms from the outermost alloy surface and continued 
into the inner part of the alloy. The zinc atoms at the outmost part were stripped away, 
leaving behind the silver atoms, which diffused about and agglomerated into islands, 
leading to the formation of thorns on surface. As the thorns were formed, more of the 
undealloyed material was exposed to the electrolyte. The selective dissolution of zinc 
atoms from the newly exposed Ag-Zn released more silver atoms onto the surface. These 
silver atoms diffused to the silver clusters left over from dissolution of previous layers, 
continuing to leave more undealloyed Ag-Zn exposed to electrolyte, and thus resulted in 
increased pore size. Such selective dissolution of zinc (roughening) and surface diffusion 
of silver (agglomeration or smoothing) continued as the dealloying proceeded and 
interconnected porous structure was formed.  
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Figure 2.3.  Red line represents the sample A (electrodepositon with EDTA as 
complex ions); the black line representss the sample blank 
 
In the XRD spectra shown in Figure 2.3, the patterns show four peaks with 2θ 
values at 38.1◦, 44.4◦, 64.5◦, 77.8◦ and 81.8◦. All of these peaks can be indexed to planes 
with Miller indices (111), (200), (220) and (311) of cubic silver (JCPDS card 4-0783). 
Compared to those peaks in black curve, the red peaks appear broadened, which implies 
that the samples are nanocrystalline in nature. All existing peaks in this X-ray diffraction 
pattern indicates that pure silver remaines in the surface and all of the zinc atoms in the 
surface alloy are removed. However, because the additional silver was deposited on the 
silver substrate, the peaks for the silver crystal increased as the quantity of 
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electrodeposited silver increased.  









Figure 2.4 contact angle on the sample A surface (lowest part) 
 
The perfect water bead formed on the lowest part surface of sample A as shown in 
Figure 2.4. The contact angle of the lower part on the surface is 140˚ for water bead. 
During the process of dispensing water bead on sample, the water bead can not be 
dropped and attached onto the surface. The movement of the sample stage laterally from 
left to right can not take the water drop vertically away from the needle tip of the water 
dispenser. This phenomenon can be explained as that both the gravity of water drop and 
the water affinity to the surface are too weak to attract the water bead onto the surface. 
Comparatively, the water contact angle on the surface of the upper part is about 80˚ . Just 
as the figures shown, the morphologic structures are different, so does the property of 
wetting. 
 
2.3.2. Sample B (electrodeposition with I- as complex ion)  
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2.3.2.1. SEM image for sample B-1 (prepared through electrodeposition followed by 












                    a                                       b 
Figure 2.5. a and b: SEM image for the sample B-1 which electrodeposited with I- as 











                    a                                     b 
Figure 2.6 a and b: SEM image for the sample B-2 with electrodeposited alloy of silver 
and zinc, which has I- as complex ion, the magnification is 350 for a and 1000 for b 
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As illustrated before, the sample B-1is prepared through alloy electrodeposition of 
silver and zinc with I- as complex ion and selectively electrostripping of zinc. For the 
purpose of comparison, the sample B-2 is prepared only by electrodeposition of the alloy 
with I- as complex ion, and the image shows in Figure 2.6. As far as morphology is 
concerned, the sample B-2 shows non regular particles which pile together into non 
regular larger microstructures on the surface. On the contrary, after the selectively 
electrostripping of zinc from the layer, the microstructures with branches and leaves 
extending outside appear on the surface of sample B-1. The size of the leaves is about 10 
micrometers and their thickness is about 1 micrometer. Compared to the microstructure 
in the sample B-2, the overall structures in the sample B-1 are smaller.  
 
2.3.2.2. Contact angle comparison for sample B-1 (electrodeposition followed by 











              a                                              b 
 
Figure 2.7 contact angle measurement for sample B-1 












a                                         b 
                      
Figure 2.8. Contact measurement for sample B-2  
(prepared by electrodeposition with layer containing alloy of silver and zinc) 
 
The contact angle of water on the sample surface prepared by alloy electrodeposition 
and selective eletrostripping is 140˚. After the sample is preserved for four weeks in the 
isolated box, the contact angle of water bead on the lower part of sample remains roughly 
at 140˚. Another point worth mentioning is that there are no apparent changes of contact 
angle after DDT monolayer formed on the sample surface. Comparatively, for the surface 
of sample B-2 which contains alloy of silver and zinc, the contact angle of water is 125˚. 
Although there is a notable difference in the water contact angle for these two samples, 






2.3.2.3. XRD diffraction pattern for sample B-1 (electrodeposition followed by 

















Y + 20.0 mm - 7-2 - File: 7-2.raw - Type: 2Th/Th locked - Start: 30.000 ° - End: 150.000 ° - Step: 0.030 ° - Step time: 7. s - Temp.: 25 °C (Room) - 
Operations: Strip kAlpha2 0.500 | Import
















Figure 2.9. The red graph is for sample B-2 and the black graph for the sample B-1 
   B-2: sample prepared by alloy electrodeposition 
B-1: sample prepared by alloy electrodeposition and selective electrostripping 
 
   In the XRD graph in Figure 2.9, the black curve has the peaks which can only be 
































However, the red curve for sample B-2 shown in Figure 2.9, indicates that zinc and silver 
alloy formed on the sample B-2. In the red curve, peaks at 38.1◦, 44.4◦, 64.5◦, 77.8◦ and 
81.8◦, belong to silver. And other peaks in the red curve can be assigned to pure zinc and 
the alloy of silver and zinc. 
Based on the analysis of the XRD graph, it can be concluded that the chemical 
components are different in sample B-1 and B-2. After combining this difference in 
component with that in topographic structure, the distinctive hydrophobicity on the 
sample B-1 surface can be reasonably explained by these two factors ― pure silver 
















 2.3.3. Sample C (electrodeposition with SCN- as complex ion) 





















         c                                        d 
         a                                           b 
 e                                          f 
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Figure 2.10  sample C with SCN- as complex ion, a and b: lowest part of the sample 
with magnification 1000 and 10000; c and d: middle part of the sample with 
magnification of 2000 and 20000; e and f: upper part of the sample with 
magnification of 2000 and 15000. 
Comparatively, the SEM images shown in Figure 2.10 have different morphologies. 
the top part has the morphology which looks like the dandelion flowers sporadically 
spread on the surface. But, the middle part of the sample has the feature looks like the 
climbing plants covering on the surface. As far as the feature size is concerned, the 
lowest part and the middle part have same feature size about 10µm, while the top part of 
the sample has the feature size about 5µm. Another point worth mentioning is the 
difference in the finer structures of which the microstructures comprise. On the surface of 
the upper part, the finer feature seems like flaky hexagons which assemble into larger 
specific structures of dandelion flowers. Whereas, the finer structure resembles the vines 
on the surface of the middle part and the micrometer-sized irregular flakes assembled into 
feature structures on the lowest part. In summary, from these images, it can be seen that 
the features shown on the surface actually consist of microstructures which has different 
smaller assembled structures. 
  
2.3.3.2. Contact angle of the sample C(electrodeposition with SCN- as complex ion) 
Compared with samples prepared with EDTA and I-  as complex ions for silver ions 
in electrodeposition solutions, the sample fabricated with SCN- has the highest contact 
angle of water more that 145°. During the goniometric measurement, the water drop 
resists to dropping vertically more strongly and can not attach onto the sample surface 
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until it has been tried for many times. In general, the whole surface is highly hydrophobic. 










Figure 2.11 contact angle for middle part of the sample C 



























Y + 20.0 mm - scn1 - File: scn 1.raw - Type: 2Th/Th locked - Start: 25.000 ° - End: 95.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room)
Operations: Strip kAlpha2 0.500 | Background 1.000,1.000 | Import

















25 30 40 50 60 70 80 90
Sample C 
Blank 
Figure 2.12.  XRD diffraction pattern for the sample C 
(Prepared with SCN- as complex ion) 
 
In the XRD graph shown in Figure 2.12, peaks are all assigned to silver according to the 
JCPDS PDF. It can not be denied that only pure silver remains on the surface and zinc 






All three samples A, B-1 and C were prepared through electrodeposition of silver 
zinc alloy and zinc electrostripping. XRD graphs for these three samples clearly 
demonstrated that zinc can be removed from the samples by electrostripping, leaving 
pure silver on the surface. All three samples with pure silver on the surface have the 
contact angle of water around 140˚. It is very different from the smooth pure silver 
surface which has contact angle of 77.5˚, as shown in Figure2.13. Furthermore, these 
studies showed that the rough silver surface is so hydrophilic that the water droplet can 
easily infiltrate and spread into the rough surface. Compared to these studies, the 









Figure 2.13   contact angle for the blank silver surface 
According to the analysis of the experiment results shown in the 2.2, the reason that 
the silver surface exhibits the hydrophobic wettability can solely be attributed to the 
hierarchic microstructures built by smaller structures. The surface contains voids into 
which the liquid is unable to penetrate due to air traps. As such, the single solid/liquid 
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interface, appearing on the smooth silver surface, is replaced by a mixture of solid/liquid 
and liquid/air interface. The effective contact angle on such a rough surface can be 
expressed by the Cassie-Baxter equation: 
                     cosθr = f1cosθ- f2.   
In this equation, θr is the contact angle on the rough silver surface and θ is the contact 
angle on the smooth silver surface. The f1 is the fractional interface areas of the 
combination of the microstructure and nanostructures of silver aggregates and the f2 is the 
area of the air in the interspaces among the hierarchical structured silver (i.e. f1 + f2 =1). 
From this equation, it can be derived that increasing the fraction of air area f2 increases 
the contact angle of the rough surface (θr). And thus, the highly hydrophobic wettability 
can be ascribed to the air trapped in the interspaces of the hierarchical microstructures on 
silver surfaces. It can be concluded that the roughness in surface morphology is 
significant for obtaining the highly hydrophobic surface and it is not necessary to modify 














 There are many methods developed for preparation of highly hydrophobic surface. 
For silver surface to attain hydrophobic wettability, it is known that modification with 
hydrophobic materials on the surface is necessary 17-25. However, in this chapter, the 
highly hydrophobic pure silver films were successfully prepared using the combination of 
electrodeposition of silver and zinc alloy and selectively electrostripping of zinc. This 
method may be useful for fabricating hydrophobic surfaces applicable in microfluidic 
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Preparation of hydrophobic surfaces by self-assembled 
monolayer on electrodeposited silver film 
 
3.1. Introduction  
3.1.1. Self-assembled monolayer (SAM) 
Self-assembled monolayers (SAM) are organic assemblies formed by the 
adsorption of molecules from solution or gas phase onto the surface of solids; the 
adsorbates organize spontaneously into crystalline (or semicrystalline) structures1. 
The molecules or ligands that form SAMs have a chemical functionality, or 
“headgroup”, that has a specific affinity for a substrate. From the applicable point of 
view, the SAMs provide a convenient and simple system to tailor the interfacial 
properties of metals, metal oxides, and semiconductors2.  
The most extensively studied class of SAMs is the SAMs of alkanethiols on 
gold3-11. The high affinity of thiols to the gold surface makes it possible to generate 
well-defined organic surfaces with useful and highly alterable chemical functionalities 
displayed at the exposed interface12. Moreover, the high affinity that the head group 
has for the surface help to displace adsorbed adventitious organic materials from the 
surface. 
SAMs are nanostructures with a number of useful properties (Figure 3.1). The 
thickness of a SAM is typically 1-3 nm. The composition of the molecular 
components determines the atomic composition of the SAM. And the properties of 
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SAMs are determined by the molecules used. This characteristic makes it possible to 
use organic synthesis to tailor organic and metallic structures at the surface with 
positional control approaching 0.1 nm3. The SAMs can couple the external 
environment to the electronic (current-voltage responses, electrochemistry) and 
optical (local refractive index, surface plasmon frequency) properties of metallic 
structures, and they help to link molecular-level structures to macroscopic interfacial 








Figure 3.1 The self-assembled thiols on a gold surface 
 
3.1.2. The status quo of research for the SAM used in hydrophobic surface 
Many significant opportunities remain for fundamental studies of SAMs. SAMs 
have been used to fabricate hydrophobic surface and superhydrophobic surface which 
could be used in microfluidic devices, optical devices, and biosensors of organic 
molecule detection. Alkylsilanes, fluorocarbon and alkylthiol are molecules widely 
used in fabrication of hydrophobic surface. Among these molecules, the alkylthiols 
are mainly used for modification of gold22, silver23 and platinium in fabricating 
superhydrophobic surface. In this chapter, a facile method was used for producing 
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highly hydrophobic surface on silver. 
3.1.3.   Preparation of the SAM 
3.1.3.1.  Cleanliness of Substrates  
The substrate can easily adsorb molecules from the air and tools for handling. 
Moreover, exposure of the substrate to the ambient conditions for prolonged period of 
time increases the difficulty in displacing the contaminants within the typical time 
when SAMs form. Hence, in order to prepare SAMs with reproducible material 
properties, it is necessary to prepare fresh substrates or clean the substrate with 
strongly oxidizing chemicals (“piranha” solution-H2SO4:H2O2=3:1) or oxygen 
plasmas prior to the immersion into thiol solution.  
3.1.3.2. The experimental techniques 
The most common method for preparing SAMs on gold involves the 
immersion of a newly prepared or clean gold substrate into a dilute (1-10 mM) 
ethanol solution of thiols for 12-18 hrs at room temperature. This procedure is based 
on studies designed to optimize the reproducibility of the SAMs produced and 
convenience24. Dense coverage of adsorbates can be obtained easily from solutions 
having only millimolar concentrations using this method. However, a slow 
reorganization process takes hours to maximize the density of the molecules and to 
minimize the defects in the SAM. The structure of the resulting SAM and its rate of 
formation are affected by a number of experimental factors, such as solvent, 
temperature, concentration of adsorbate, immersion time, purity of the adsorbate, 
concentration of oxygen in the solution, cleanliness of the substrate, and the chain 
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length (or structure of the adsorbate).  
 
3.2.  Experiment 
3.2.1. Preparing substrates using silver electrodeposition and electrostripping 
3.2.1.1. I- as complex ion 
    The plating bath was prepared by adding 3.26g ZnSO4 into the mixture of 200ml 
0.1M KI solution and 2ml 0.1M AgNO3 solution. The electrodeposition was carried 
out with voltage at -1.0V. As soon as the electric charge Q reached 10C, 20C, and 40C, 
2ml 0.1M AgNO3 was added into the solution drop by drop. The electrodeposition 
lasted for 1000s. The current was around 57mA.  
After the electrodeposition, the sample was rinsed using mili-Q water. It was 
then dipped into 5M NaOH solution and electrostripping was carried out with the 
voltage at -0.7V. The current was in the range between 600 and 350mA. The process 
lasted for 42s. The total electricity consumption reached 15.53C.    
3.2.1.2. SCN- as complex ion 
The plating solution was prepared by mixing the 2ml 0.1M AgNO3 solution and 11ml 
mili-Q water. The 2M KSCN solution was dropped into the mixture so that the 
precipitation AgSCN dissolves by formation of Ag [SCN]
-
2. The pH was adjusted to 
about 4.5. The electrodeposition was carried out the voltage of -0.51V.  The current 
was stable at about 0.9mA. The electrodeposition was ended after the electric charge 
Q reached 10C. After the electrodeposition was stopped, the plating solution was 
disposed into waste tank. The sample was rinsed using miliQ water.  
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3.2.2.  Preparation of the SAM on samples 
Both the substrates produced through the previous two steps were immersed into 
the 0.1M dodecane thiol (DDT) solution for 24hrs. After the samples were taken out 
from the solution, they were rinsed by ethanol for 3 times and then by Mili-Q water 
for 3 times. In the end, the samples were put into the vent hood for drying about 
15hrs.  
3.2.3.  Characterization of the sample  
After the previous procedures, there are two samples produced through the 
electrodeposition, electrostripping and SAM formation. The two samples were 
examined using SEM JEOL 5200. The SEM image was taken at a voltage of 25KV. 













3.3.  Results 
3.3.1.  SEM image for samples 









           a                                               b 
Figure 3.2. SEM image for sample produced with I- as complex ion 
(a) magnification 7500; (b) magnification 7500 
 










            a                                             b 
Figure 3.3. SEM image for electrodeposited silver film produced with SCN – as 
complex ion:  (a) magnification 1500; (b) magnification 7500 
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  In Figure 3.2 and 3.3, these two samples produced with different complex ions 
appear to have different surface structures. As shown in Figure 3.2 (a) and (b), the 
sample prepared with I- as the complex ion has hierarchical nest-like structures with 
dried grass as the frame. In Figure 3.2 (b), there are no uniform features shown in 
other places on sample. However, for sample prepared with SCN- as complex ions in 
the electrodeposition solution, the surface structure appears to be uniform branch-like 
as shown in Figure 3.3 (a) and (b). The SEM images, with different magnification, 
indicate that the crystal grow consistently follow the same rule for the microstructures 
and nanostructures.  











                     a                                    b 
Figure 3.4. (a).contact angle of sample produced with I- as complex ion 
 
 before SAM formation; (b). contact angle after SAM formation 
 
   Contact angle measured for the sample prepared with I- as complex ion. Before 
SAM formed on the surface, the contact angle is around 50˚ and appears to be 
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hydrophilic as shown in Figure 3.4a. In contrast, after the sample was covered with 











a                                b 
Figure 3.5. Contact angle record for the sample prepared with SCN- as complex ion 
 before SAM (a) and after SAM (b) 
 
As for the sample prepared with SCN- as complex ion in the electrodeposition, 
the bare silver surface, which has a contact angle about 20˚, shows hydrophilicity as 
in Figure 3.5a. Same as the sample prepared with I- as complex ions, the sample, 
which has contact angle around 140˚, shows hydrophobicity after SAM formation as 







These two samples are all produced with electrodeposited silver film and 
subsequent SAM formation by immersion into dodecane thiol (DDT) solution. It can 
be seen that the electrodeposited film possessed hierarchic structures which compose 
of microstructures constructed by nanostructures. As shown in Figure 3.4(a) and 
3.5(a), this kind of structure on bare silver surface has the water contact angle around 
50˚ and 20˚ respectively. Both of them are much smaller than the contact angle of the 
flat silver surface which is about 80˚. This result indicate that the prepared silver film 
is hydrophilic and contrary to the samples described in chapter two which are 
hydrophobic. This result can be deduced from the moderate roughness of the silver 
surface and the intrinsic wettability of the silver. The moderate rough structure has 
enlarged the surface area exposed to water and then helped the water meniscus fall 
from needle of dispenser and penetrate into the interspaces of the structure. In the 
second chapter, the electrodeposited silver film was described as exhibiting highly 
hydrophobic wettability. Comparatively, these samples described here are different 
from those possessing hydrophobic wettability. By comparison, the SEM images in 
Figure 3.2 and 3.3 have different morphology from those in Figure 2.10 and 2.13. The 
different shape, size and density of structures on the surface are obviously shown in 
these SEM images. Without changing material, it can be inferred that the surface 
structures can cause the change of wettability on surface. In Figure 3.2 and 3.3, the 
surface structures build by micro structures spread on the surface in the same way as 
in Figure 2.10 and 2.13; but the outmost surface elemental structures are larger and 
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smoother. As a result, the roughness on the surface is smaller in Figure3.2 and 3.3. 
Subsequently, the hydrophilic wettability has been enhanced. The hydrophilic 
wettability on the bare electrodeposited silver surface can be explained by the Wenzel 
equation: 
cos θr = r cosθ            (Equation 3.1) 
Where r (>1) is the ‘solid roughness’ (i.e. ratio of true and apparent surface areas). θr 
(35°) and θ (80°) represent the contact angle on the electrodeposited rough silver 
surface and flat silver surface. Subsequently, after the prepared silver film was coated 
with self-assembled monolayer, the surface wettability effectively changed from 
hydrophilicity to hydrophobicity. In Figure 3.4 and 3.5, it was shown that the contact 
angle of electrodeposited silver surface reached 140˚ after SAM on the silver surface. 
Compared to the negligible roughness due to SAM, the 140˚ can be reasonably 
accounted for by the combination of hydrophobicity of SAM and the roughness on the 
electrodeposited silver surface. It was proved in this thesis that the hydrophilic surface 
can change into highly hydrophobic surface after it get the combination of roughness 
and modification of hydrophobic material. 
To understand the high hydrophobicity of the surface of branchlike silver 
aggregates modified with n-dodecanethiol, we describe the contact angle change in 
terms of the equation 3.1.  
             cos θr = r cosθ                Equation (3.1) 
θr (141°) and θ (110°) represent the contact angles of the self-assembled 
monolayer of n-dodecanethiol on a rough surface with branchlike silver aggregates 
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and on a flat silver surface, respectively. 
In conclusion, the pure silver surface, which is hydrophilic, can be changed into 
hydrophobic surface after SAM modification. And the roughness on the silver surface 
enhances the hydrophilicity on the bare silver surface and hydrophobicity on the SAM 
surface as well. The combination of roughness and modification of hydrophobic 


















 3.5. Conclusion 
The highly hydrophobic silver surface was fabricated through electrodeposition 
of silver film and self-assembly of the dodecane thiol film. The electrodeposited silver 
film formed through crystal growth from discharged ions and the hierarchical 
structure would be formed under normal conditions. On the othere hand, the SAM of 
long chain alkyl molecules provides a facile modification method to change the 
wettability from hydrophilic to hydrophobic. The combination of electrodeposition 
and SAMs provides a low cost and easily operated way to prepare highly hydrophobic 
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Preparation of hydrophobic surface through self-assembled 
monolayer on gold surface-Part I 
 
4.1. Introduction 
4.1.1.  Overview of SAM on gold surface 
Hydrophobic gold substrates are used widely in microelectronics and microfluidic 
devices. Bare gold surface has the contact angle of 70˚.The most commonly used 
molecules for modification of the gold surface are thiols. Those thiols with alkyl terminal 
end are usually the favored one.  
There are many literatures on self-assembled monolayers (SAMs) of saturated thiols 
on metal surfaces1-4. Surface modifications with other kind of molecules5-12 were also 
described, such as alkaneselenols5, alkanenitriles6, triphenylbismuthine8, and iodide. 
However, it can not be denied that SAMs based on molecules other than thiols are rare. 
       One of the possible substitutions to thiols is selenols since the chemical properties of 
sulfur and selenium are rather similar. Both elements have the same electron 
configurations and are neighbors in the VI A column of the periodic table. Despite this 
similarity, there are only several works published about organic monolayers with 
selenolate headgroups, such as alkaneselenols, 13,14 dialkyl diselenides, 15-17 
benzeneselenol (BSe), 18-20 benzenediselenol,23 and diphenyl diselenide (DPDSe)18,21,22-24. 
Whereas it was shown that these compounds form SAMs on gold 13-15, 18, 23-24 substrates 
in a way similar to that for thiols, the characterization was mostly performed by 
 59
electrochemical methods and surface-enhanced Raman spectroscopy (SERS). In a recent 
research26, it was proposed that the structural quality of the BPSe(biphenyl selenide) 
SAMs is much better than that of their thiol analogues. Moreover, it was claimed that a 
better ability of the selenolates to adjust the surface lattice of the substrate to the most 
favorable 2D arrangement of the adsorbate molecules. In addition, selenolate does not 
need alkane spacer as thiols do and thus significantly benefit the manufacture of 
molecular electronics.  
There are also several investigations using organic iodine molecules for the self- 
assembly of ordered molecular arrays on gold surfaces.27,28 The dissociation of the 
carbon-iodine bond on the surface was implied in both of these studies, and the formation 
of monolayers was suggested. 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-21H,-23H-
porphine tetrakis(p-toluenesulfonate) (TMPyP) has been shown to adsorb onto the 
hydrophobic surface of modified gold that was preadsorbed with potassium iodide.29 
Lately, it was demonstrated that a bifunctional iodo-aryl phosphinate compound formed 
an adsorbed monolayer on gold surfaces as confirmed by XPS, AFM, and EC methods30. 
Generally, thiol monolayer is widely studied and used. However, with the expansion 
of the application of the SAM, the requirements for the quality of SAM keep rising. As 
such, SAM with alternative molecules attracts more and more attention. Herein, 
bromooctodecane was investigated in detail in our experiment. 
 
4.1.2.   Overview of SAM characterization 
SAMs provide organic surfaces whose composition, structure, and properties can 
be varied rationally. The extensive characterization of SAMs, especially those formed by 
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n-alkanethiols adsorbed on planar, polycrystalline films of gold, has provided a broad 
understanding of several aspects of these systems including thermodynamics and kinetics 
of their formation, organization and conformation of the adsorbates, intrinsic properties 
of the organic films, influence of chemical composition on some macroscopic properties 
of the films. Scanning probe techniques, such as scanning tunneling microscopy (STM) 
and lateral force microscopy (LFM), are localized techniques that can visualize the 
surfaces of chemically patterned thin films with ultrahigh resolution and are thus 
employed extensively in the area of molecular imaging.31-33 Fourier transform infrared 
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) 34,35, reflectance 
absorption infrared spectroscopy RAIRS),36,37can be used to give chemically specific 
information about thin films.38Besides, electrical techniques offer some unique 
advantages for the evaluation of thiol-based self-assembled monolayers (SAMs) 
immobilized on metal substrates. Cyclic voltammetry (CV) can be employed to obtain 
qualitative information on the thiol organization and insulating properties, while 
oxidation or reduction of the thiols on the surface can reveal both the binding strength 
and the number of thiols immobilized on the electrode.39,40 CV and electrochemical 
impedance spectroscopy (EIS) have also been employed for charge transfer via redox 
groups within the SAM itself,41,42 and investigations on interfacial properties and double 
layer phenomena.43,44 Both CV and EIS are frequently employed for developing sensors 
and detectors.45,46 The quartz crystal microbalance (QCM) has also been used to examine 
molecules absorption onto a variety of modified and unmodified solid surfaces.47-51.  
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4.2. Experments, Resultls and Discussion 
       4. 2.1.     Sample produced under normal conditions 
The bromooctodecane solution of ethyl acetate was prepared before experiment. 
After the gold substrates were cleaned using the piranha solution, they were immersed 
into the bromooctodecane-ethyl acetate solution for 16hrs. After the experiment, all 
samples were washed using ethyl acetate, ethanol and water sequentially.  All samples 
were characterized using XPS, CV and TOF-SIMS. 
 
4.2.1.1.   Cyclovoltammetry 
 CV (cyclovoltammetry) was used to characterize the self-assembled monolayer of 
bromooctodecane. Important characteristics of the film for electrical measurements are its 
compactness and coverage, which will influence its ability to act as an insulating barrier 
to current. Formation of the surface layer resulted in a decrease of the charging current as 
well as in a strong inhibition of the electron transfer reaction. As shown in Figure 4.1, the 
red cycle line represents the current changes with the voltage on the blank surface. And 
the blue cycle line indicates the changes on the monolayer surface made with 
bromooctadecane. By comparison, the current on the SAM surface has a lower current 
than that on the blank surface during the scanning voltage range. The above results prove 
that the adsorption of bromooctodecane on a polycrystalline gold surface yields an 
adsorbed layer which effectively blocks the electron transfer, although not completely 














Figure 4.1.   Cyclic voltagram for the two samples Blank and SAM 
 
4.2.1.2.   TOF-SIMS 
To obtain the chemical information of the SAM, the Time of Flight-Secondary Ion 
Mass Spectrometry (TOF-SIMS) was employed. The characterization was carried out in 
the vacuum chamber in which the pressure is about 10-8Torr. We used the Ga+ ion to 
bombard the sample surface. The spot size is about 300×400µm2. The incident angle is 
45°.  The result is shown in Figure 4.2, Figure 4.3 and Figure 4.4. Each of the graphs 
includes results of the blank and SAM, named LB and LA respectively. As shown in the 
graph a, the peaks in the range between 20 and 100Da increased largely after the 
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deposition of bromooctodecane onto the gold surface. In the b graph, in the mass range 
between 100 and 200Da, the peaks at the 106.9Da and 108.9Da were interpreted as the 
C2H379Br+ and C2H381Br+. The existence of the two peaks strongly proved that 
bromooctodecane monolayer formed on the gold substrate. In the graph c, the gold 
clusters generate the series peaks next to each other, such as Au3C4H5+, Au3C5H7+. The 
appearance of these peaks shed light on the formation of carbon-gold bond on the gold 
surface. According to all these TOF SIMS results, the mechanism for SAM formation of 
the bromooctodecane on gold surface might be proposed as following:  
                             C18H37Br + Au                   C18H37Br- Au 
C18H37Br                      Br   + C18H37 
UV 
253nm























































Figure 4.3. Graph b: TOF SIMS results range from 100 to 200Da 
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Figure 4.4: TOF SIMS results range from 600 to 700Da 
 
4.2.2.   UV enhanced deposition 
To illustrate that the ultraviolet irradiation improves the deposition of 
bromooctodecane on the gold surface, the reaction, which was carried out under the 
daylight, work as the negative control for the experiment. The SAM was examined using 
XPS, in which X-rays were employed to eject electrons from inner-shell orbitals of the 
elements. The kinetic energy, Ek, of these photoelectrons is determined by the energy of 
the X-ray radiation, h , and the electron binding energy, Eb, as given by: Ek = h  - Eb . 
The XPS characterization uses the monochromatized MgKa. The machine power is 30W. 
The result is shown in Figure 4.5 and 4.6. Figure 4.5 shows that the peak intensity of 
carbon is stronger on the SAM surface than that on the pure gold surface. The carbon 
peaks generated from the pure gold surface is possibly due to the contaminant from air or 
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dust. The difference in carbon peaks areas is attributed to the carbon belonging to the 
molecules of bromooctodecane. In Figure 4.6, the intensity of gold peak is higher for the 
sample blank and the peak area is larger. According to the area calculation for the blank 
sample, the ratio of peak area for carbon to that of gold is 1.06. Comparatively, the peak 
area ratio of carbon to gold is 4.85 on the SAM of bromooctodecane. Based on the 
analysis of XPS results, it was convincingly confirmed that the alkane monolayer has 
formed on the gold surface through cleavage of C-Br bond in the bromooctodecane 

























Figure 4.5. XPS scans of the carbon for sample processed under UV 
and daylight (Non UV) 
 
 
































4.2.3. Wettability of the gold surface after SAM  
After the chemical characterization of the samples with TOFSIMS and XPS, the 















                      
                      a                                                                               b 
Figure 4.7.  a. Contact angle measurement for sample blank gold;   b. for  sample 
gold with bromoalkane on the surface prepared by UV enhancement 
It is shown in Figure 4.7 that the contact angle of the SAM surface is larger 
compared to that of contact angle of the blank gold surface. According to the 
measurement using the goniomenter, the contact angle increased from about 70˚ to 90 ˚. 
This indicates the formation of bromoalkane SAM on the gold surface. However, SAM 
of the bromooctodecane was not packed densely. Furthermore, the molecules may not 
stand on the gold surface. As a result, the increase of contact angle increase is not 






Self assembled monolayer is very useful in modifying surfaces for special purposes. 
Up to now, the thiols SAM has been extensively studied and utilized in research for the 
molecular electronics or biological sensors. To resolve the oxidation issue of sulfur-gold 
bond, it is desirable and necessary to find a proper head group which can substitute for 
the thiols. In this chapter, the formation of alkane monolayer on the gold surface was 
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Preparation of hydrophobic surface by self-assembled 
monolayer on gold surface-Part II 




Octadecyltrichlorosilane is an amphiphilic molecule consisting of a long-chain 
alkyl group C18H37– and a polar head group SiCl3–, which forms Self-Assembled 
Monolayers( SAMs ) on various oxidic substrates. Octadecyltrichlorosilane (OTS), or 
n-octadecyltrichlorosilane, is used widely in semiconductor industry to form thin 
films of SAM on silicon dioxide substrates. It is flammable, reacts violently with 
water, and is sensitive to air. OTS has been found useful in molecular electronics, as 
thin insulating gates in Metal-Insulator Semiconductors. Nowadays, OTS-PVP films 
are used in organic-substrate LCD displays1.  
Because these OTS SAM films can achieve a high degree of coverage and 
stability on various surfaces, the mechanism of film formation with these compounds 
has been investigated thoroughly. OTS can undergo direct bonding to the substrate.2, 3 
In addition, the multiple reactive methoxysilane functional groups make it possible for 
the self-assembled silane molecules on surface to polymerize laterally across the 
surface. This lateral cross-linking helps to form a robust monolayer on many 
non-oxide surfaces.4, 5  
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 For OTS, it was observed that incomplete monolayers form on dehydrated 
surfaces, but with partial rehydration a complete, well-ordered monolayer can be 
formed.1It is also known that trace amount of water present either on the substrate 
surfaces or in the deposition solution can hydrolyze the -Si-Cl groups to -Si-OH 
groups, which then undergo condensation with the surface or with adjacent 
monomers.6 Besides, the alkyl chains are so long that the van der Waal’s interactions 
between alkyl chains are quite substantial. The combination between the van der 
Waal’s interaction and the lateral condensation of adjacent silanol groups makes it 
possible that high-quality films form from these compounds on a variety of substrates 
such as silicon, mica, glass, and gold.7-10  
The surface covered by the OTS monolayer exhibits hydrophobic property. For 
instance, the hydrophobicity of OTS on gold colloid surface was investigated11. It was 
observed in reference 11 that OTS self-assembled and cross-linked on an immobilized 
gold colloid surface to produce a stable, hydrophobic SERS substrate. Besides, it was 
observed that surface hydrophobicity is dependent on how long the substrate is 
immersed in OTS solution. In another study, OTS was shown to form self- assembled 
monolayer with complex network on gold12. 
However, detailed understanding the OTS on gold surface is yet to be gained, 
particularly how its hydrophobicity and morphology change with reaction conditions.   
Herein, the morphology of the OTS layer on gold surface and the hydrophobic 
property was investigated in detail.  
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5.2.  Experiment 
Before preparing OTS monolayer on the gold surface, the substrates were rinsed 
with toluene and acetone to wash away contaminants. To eliminate remaining 
contaminants completely, the substrates were put into the piranha solution for half an 
hour, followed by rinsing with MiliQ water. Subsequently, the substrate was cleaned 
using ethanol and toluene sequentially. Finally, the cleaned substrates were immersed 
in the 20mM OTS/toluene solution for 1 hour. For the post treatment, substrates were 
rinsed with toluene to wash off the physorbed molecules on the substrates, and was 
further cleaned using ethanol and MiliQ water in turn. All prepared substrates were 
put into oven at 110°for 1 minute to eliminate water. To prevent contamination, all 
substrates were preserved in desiccators.  
The roughness of the samples was examined using tapping mode of AFM. The 











5.3.  Results 
5.3.1.  AFM images  
                    


















Figure 5.2.  Gold surface coated with OTS after 













































Figure 5.3. Gold surface coated with OTS after immersion in the 
OTS/toluene solution for 1 hour
In Figure 5.1, the roughness of bare gold film on silicon is about 5nm. In contrast, the 
roughness after forming OTS monolayer shows significant changes. The sample in 
Figure 5.3 has roughness of 7.5nm while the value for the sample in Figure 5.2 is 
6.5nm. The difference in the roughness caused by the immersion time in the solution 








5.3.2.  Results of contact angle  
 
Figure 5.4. Contact angle vs. Concentration of OTS  










































































































In the above figures, the contact angle change with the preparation condition was 
exhibited. Figure 5.4 showed the change of contact angle with the concentration of 
OTS. It was observed that the contact angle becomes larger as increasing 
concentration of OTS. As shown in Figure 5.5, the stability of the OTS SAM was 
examined by measuring the contact angle after the sample was preserved for a certain 
period. It could be generated that the contact angle shrink with the SAM aging and the 
sample surface keep being hydrophobic even after 3 days exposure to air. Besides, it 
was shown in Figure 5.6 that the contact angle changed with the immersion time in 






As shown in Figure 5.1 and 5.2, the roughness of the surface has changed as OTS 
assembles onto the gold surface and the roughness also increases with the immersion 
time. It was seen that bare gold surface roughness is 5nm. After immersion in the 
OTS solution for 10 minutes, the roughness became 6.5nm. It can be reasoned that the 
OTS molecules adsorbed onto gold surface randomly at the beginning. Similar to the 
thiol-gold system, initially absorbed OTS molecules lie flat on the surface without 
covering the whole gold surface. In contrast, the roughness increases to 7.5nm after 
the substrate staying in the OTS solution for about 1hour, shown in Figure 5.3. This 
could be explained by the higher OTS coverage, standing up of the adsorbed OTS 
molecules, as well as the possible formation of a complex network which consists of 
the laterally connected molecules by Si-O-Si bonds on the surface.  
   As far as the contact angle is concerned, it depends on the hydrophobic property 
and roughness of the surface. It was shown that OTS easily forms hydrophobic layers 
on gold surface in this thesis. In Figure 5.4, the contact angle increases with the 
concentration of OTS in solution. The reason may be that there are more molecules 
absorbed onto the surface in the solution with a higher concentration of OTS. 
The contact angle also reflects the aging of the OTS monolayer as shown in 
Figure 5.5. The contact angle decreasing with aging was possibly attributed to the 
chemical and structural changes of the OTS monolayer. As a result, the bare gold 
surface exposes to the air showing a smaller contact angle.  
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To compare the OTS SAM with thiol on gold surfaces, the graphs of contact 
angle changes with the thiol concentration and immersion time are shown in Figure 




















































Compared to the thiol-gold system, the OTS-gold system get higher contact angle 
after immersion in the solution for same period. The higher response in contact angle 
change in the OTS-gold may be explained by the presence of high viscous coupling 
near the surface, or the attachment of a slippery film of OTS to the surface. This was 
concluded from the increase in the contact angle at higher OTS concentrations. Over 
the range of OTS concentrations from 0mM to 200mM, the values of contact angle 
increase to 120˚. In contrast, the thiol-gold system reach peak contact angle at much 
lower concentration than the OTS-gold system. OTS molecule methyl endgroup is not 
expected to form multilayers, but physical adsorption on the surface can occur 13, 14. In 















The OTS form monolayer through lateral polymerization on gold surface. The 
layer is robust, dense and orderly so that the OTS layer on gold surface achieves 
roughness and remarkable hydrophobicity. In the thiol-gold system the contact angle 
reach peak at around 0.5mM, the contact angle increase with the concentration of 
OTS in the solution until the concentration reaches around 200mM. Furthermore, 
OTS layer on gold surface get higher contact angle than thiol-gold system. As such, 
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